Plasma glucose values after oral glucose challenge vary widely in nondiabetic subjects. We have now evaluated the role of insulin resistance in determining the plasma glucose response to oral glucose in 74 volunteer subjects with normal glucose tolerance. In these subjects, we determined the plasma glucose and Insulin responses over a 3-h period to a 75-g oral glucose challenge, and the steady-state plasma glucose concentration during a continuous infusion of somatostatin, glucose, and insulin (a quantitative measure of insulin resistance). The plasma glucose response was defined as the incremental increase in plasma glucose concentration above the fasting value for 3 h after the oral glucose challenge. Multiple regression analysis was used to define the relationship between the dependent variable (plasma glucose response) and various predictors of this response. These analyses indicated that both the steady-state plasma glucose and the incremental insulin response during the first 30 min after the glucose load were significant predictors of the plasma glucose response. In those individuals in whom insulin action was impaired and the 30-min plasma insulin response was decreased, plasma glucose values reached higher levels. When standardized regression coefficients were determined, the incremental glucose response was directly correlated with steady-state plasma glucose (r = 0.700, P < 0.001) and inversely with the Insulin response during the first 30 min (r = 0.268, P = 0.023).
Furthermore, the correlation between steady-state plasma glucose and glucose response was significantly greater (P < 0.005) than that between the glucose response and 30-min insulin concentration. These data demonstrate that both insulin action and insulin secretion are determinants of the plasma glucose response to oral glucose in individuals with normal glucose tolerance. Diabetes 42:1324-32,1993 P lasma clearance of glucose after ingestion of an oral glucose load is a function of both the ability of the pancreatic (S-cell to secrete insulin and the efficiency of the liver and peripheral tissues to respond to insulin. Typically, in individuals with NIDDM, defects exist in both the secretion and action of insulin (1, 2) . As a consequence, these two variables have been extensively studied in patients with NIDDM (1) (2) (3) . In contrast, much less attention has been paid to the relative importance of insulin secretion and action in the regulation of oral glucose tolerance in nondiabetic individuals.
In nondiabetic individuals, a wide variation in plasma insulin levels occurs after an oral glucose challenge (4), and we have reported (5) that, in 100 individuals with NGT, the values for insulin-stimulated glucose disposal display wide variations. Strikingly, 25% of this population was nearly as insulin resistant as patients with NIDDM (1, 3) . The plasma insulin responses varied in the entire group, and a significant relationship existed between degree of insulin resistance and degree of hyperinsulinemia, i.e., in individuals with greater insulin resistance, higher plasma insulin concentrations were present. We concluded that, in the insulin-resistant normal subjects, the increased insulin secretion had compensated for the insulin resistance and thus prevented the appearance of overt diabetes mellitus.
Although the glucose tolerance tests in these subjects were normal (6), considerable variability occurred in the plasma glucose responses to oral glucose. Because both insulin action and insulin secretion can modulate glucose tolerance, it seemed important to determine the relative contributions of these variables in the disposal of oral glucose in normal individuals. Therefore, we measured the plasma glucose and insulin responses to oral glucose and insulin-stimulated glucose disposal in 74 nonobese individuals with NGT. A predictive model was used to evaluate the roles played by insulin action and insulin secretion in disposing of an oral glucose load, taking into account the additional variables of fasting glucose concentration, age, degree of obesity, and sex. The results of these studies indicated that both ability of insulin to stimulate glucose uptake and the plasma insulin response 30 min after the administration of oral glucose were significantly related to the plasma glucose response to oral glucose in individuals with NGT.
RESEARCH DESIGN AND METHODS
Seventy-four individuals (27 men and 47 women) volunteered for this study. Ages ranged from 19 to 71 yr with a mean ± SD of 44 ± 13 yr. BMI, which was used as an estimate of degree of obesity, ranged from 18.8 to 29.5 kg/mformed consent was obtained from all subjects. The volunteer subjects were instructed to maintain their usual diet and activities before they were admitted to the Stanford Medical Center General Clinical Research Center (Palo Alto, CA), and tests were performed in random order. All subjects were in good health, as determined by a medical history, physical examination, and screening routine laboratory analyses. The study population was confined to individuals with a BMI <30 kg/m 2 to prevent individuals with substantial obesity from having undue influence on the results. This cutoff was based on the notion that a BMI >30 kg/m 2 defines an individual >20% above IBW (7) . OGTT. After an overnight fast, blood was drawn for measurement of plasma glucose (8) and insulin (9) concentrations before and 30, 60,120, and 180 min after the ingestion of a 75-g oral glucose challenge. Only volunteer subjects with a normal OGTT by the criteria of the NDDG (6) were included in the study.
Insulin resistance test (SSPG).
After an overnight fast, intravenous catheters were placed in each arm. Blood was sampled from one arm for plasma glucose and insulin concentration, and the contralateral arm was used for administration of test substance. As described previously (10, 11) , somatostatin was administered at 350 |xg/h in a solution containing 2.5% (wt/vol) HSA by Harvard infusion pump to suppress endogenous insulin secretion. Simultaneously, insulin and glucose were infused at 25 mil and 240 mg • m" 2 -min~1, respectively. Blood was sampled hourly until 2 h into the study, and then every 10 min at 150,160,170, and 180 min. Insulin concentrations typically plateaued after 30 min, whereas glucose concentrations plateaued after 120 min. The four glucose and insulin values obtained from 150 to 180 min were averaged and considered to represent the SSPG and insulin concentrations. Statistical analysis. The relationships between the experimental variables measured (predictors) and glucose response were analyzed by standard methods of multiple regression analysis using SAS (Cary, NC), PROC REG. In these analyses, the incremental glucose response served as the dependent variable and the following six individual predictors as the independent variables. The predictors of the plasma glucose response evaluated were 1) insulin resistance (as estimated by the SSPG); 2) insulin secretion (as estimated by the incremental insulin response above basal 30 min after the glucose challenge or AI 30 ); 3) FPG concentration; 4) age; 5) sex; and 6) obesity as defined by BMI. The incremental increase in plasma insulin concentration during the first 30 min after the glucose challenge was selected as the measure of the insulin secretory response because insulin values at later time points reflect to an increasing degree the impact of the prevailing plasma glucose concentration on the p-cell.
For this study, estimates of the magnitudes of specified relationships of interest and the associated uncertainties in these estimates have been calculated to summarize the results. For a graphic representation of the direct relationship between a specific predictor and the incremental glucose response after adjusting for the remaining predictors, partial regression leverage plots have been used (12) . Because of the lack of a normal distribution, Spearman's correlation coefficients were calculated to determine the relationship between resistance to insulin-mediated glucose uptake and various measures of the plasma insulin response to glucose.
RESULTS

Plasma glucose and insulin response to oral glucose.
The frequency distribution of plasma glucose and insulin concentrations before and at all time points after the oral glucose challenge are shown in Figs. 1 (glucose) and 2 (insulin). As can be seen, the values for both glucose and insulin varied considerably from subject to subject, and the means and ranges are given in Table 1 . Measurement of insulin resistance. Figure 3 illustrates the frequency distribution of the measurements of insulinmediated glucose disposal (SSPG concentrations). As with the plasma glucose and insulin responses, considerable variability existed in the estimate of in vivo insulin action, ranging from 2.3 to 16.7 mM (Table 1) .
Regression analysis of variables modifying oral glucose response.
To analyze the relative effects of the different variables on the plasma glucose response to an oral challenge, we used the total integrated area above the FPG concentration (incremental glucose area) as our measurement of the plasma glucose response. We then studied the relationship between this measure and the following six predictors: FPG concentration, AI 30 , SSPG, age, sex, and BMI. For this purpose, a linear regression model was fitted to predict the plasma glucose response based on the six above-defined variables, and the numerical results of this analysis are shown in Table 2 . 
Data are means ± SD (range); n = 74 (27 men and 47 women).
Considering both the estimate of the regression coefficient and its estimated SE, SSPG (P< 0.001) and AI 30 (P = 0.023) were significant predictors of the plasma glucose response. The relationship between the incremental glucose response and AI 30 was negative, i.e., the greater the insulin response, the lower the glucose response. The relationship between glucose and insulin responses at time points other than 30 min was either neutral or positive, i.e., the insulin response at these time points was unrelated to the degree of glucose tolerance, or correlated positively with a higher plasma glucose response. Most likely, the relationships between plasma insulin and glucose concentrations at the later time points were secondary to the stimulatory effect of a greater degree of hyperglycemia on p-cell insulin secretion. As such, they support our use of the AI 30 predictor as the estimate of insulin secretory function in this study. Of the demographic variables, only BMI (P = 0.020) was a significant predictor of the plasma glucose response. The relationship between BMI and glucose response was negative, i.e., the more obese, the lower the glucose response with all other variables being kept constant.
The estimated regression coefficients shown in Table 2 describe the change in plasma glucose response per unit change in each variable keeping all other predictors constant. However, because the six predictors have inherently different units of measurement, the actual values of the regression coefficients shown in Table 2 are not comparable. To make them commensurate, the regression coefficients were divided by the ratio of the SD of the incremental glucose response to the SD of the specific predictor variable. These standardized regression coefficients indicate the change in incremental glucose response (in SD units) with one SD change in the predictor. These calculations appear in Table 2 under the heading of standardized regression coefficients, and the larger the absolute value, the more important the variable in predicting incremental glucose response. With the use of this approach to assess the relative strengths of the predictive relationships, Table 2 shows that the insulin resistance, as measured by SSPG, was ~3 times stronger than the early insulin response (AI 30 ) in predicting the plasma glucose response. Furthermore, when the difference between the standardized regression coefficients was compared by Student's t test, the magnitude of the relationship between incremental plasma glucose response and SSPG was significantly greater (P < 0.005) than that between plasma glucose response and 30-min insulin level.
Graphic representations.
To graphically assess the data, a series of partial regression leverage plots were constructed. First, two separate linear regression models were constructed: one to predict the glucose response and the other to predict any one of the other variables, for example, SSPG, from the remaining variables. Then the difference between the observed and predicted glucose response (i.e., residual glucose response) and the difference between the observed and predicted SSPG (i.e., residual SSPG) were plotted to give a graphical description of the direct relationship between incremental glucose response and SSPG after adjustment for the other predictors of the glucose response. The results of these analyses are illustrated in Fig. 4 . Note that, for each predictor variable included in Fig. 4 , the horizontal scale is different. Because these scales differ, the slopes of the plotted trend lines are not comparable visually. Instead the numerical value given for the standardized regression coefficients in Table 2 should be used to compare the slopes. The plots in Fig. 4 also show that the scatter is fairly evenly distributed on either side of the trend line, indicating that the linear model was adequate for the purpose of this analysis. Results presented to this point have focused on defining the variables that account for differences in the incremental plasma glucose response within a group of healthy individuals with NGT. Although not the primary goal of this study, it is difficult to view the wide range of SSPG values seen in Fig. 3 and not attempt to explain how this extreme degree of variability in insulin-mediated glucose uptake could exist in individuals classified as normoglycemic. An obvious possibility is that the more insulin resistant a subject, the greater the insulin response, thus preventing gross decompensation of glucose tolerance in insulin-resistant individuals. Table 3 displays the relationship between SSPG and various measures of the plasma insulin response. Every relationship was statistically significant, providing support for the view that the greater the degree of insulin resistance in individuals with NGT, the higher the insulin response.
DISCUSSION
This study demonstrates that, in normal individuals, the increase in plasma glucose concentrations after an oral glucose challenge is strongly associated with the degree of insulin resistance. In individuals with higher SSPG values during the insulin suppression test, greater increases occurred in plasma glucose concentrations during an OGTT. Furthermore, this relationship was highly statistically significant (P< 0.001) when differences in age, sex, BMI, and various measures of the insulin secretory response were taken into consideration. The plasma incremental insulin response 30 min after the oral glucose was also significantly (P = 0.023) related in an inverse fashion to the plasma glucose response, and this relationship persisted when controlled for the other variables measured. Thus, it can be concluded that both degree of insulin resistance and insulin response during the first 30 min were independent predictors of the plasma glucose response to oral glucose in individuals with NGT. However, note that the relationship between incremental plasma glucose response and SSPG was significantly greater than that between the glucose response and the insulin concentration 30 min after administration of the glucose load.
To directly compare the impact of these two variables, independent of any other predictors, standardized regression coefficients were calculated. Using this analysis, we observed that the height of the early insulin response was not as powerful as was the degree of insulin resistance in predicting the magnitude of the incremental plasma glucose response to oral glucose. However, these results do not necessarily provide an accurate quantitative comparison of the importance of insulin action and insulin secretion in regulation of glucose tolerance. More specifically, a relative sensitive method was used to quantitate insulin action, whereas the 30-min insulin response may not be the most sensitive method to evaluate p-cell function. For example, in retrospect it may have been preferable to have used the plasma insulin concentration 15 min after oral glucose as the estimate of insulin secretion.
We and others (1, 3, (13) (14) (15) (16) (17) (18) have shown that insulin resistance is present in the majority of patients with NIDDM, independent of other variables that are known to modulate insulin action. However, although insulin resistance may be necessary for states of glucose intolerance to develop in most individuals, significant fasting hyperglycemia and manifest NIDDM does not develop until the p-cells are no longer able to compensate for impaired insulin action (1, 3, 14, 18, 19) . In support of this hypothesis are the results of cross-sectional studies that show resistance to insulin-mediated glucose uptake is relatively constant over a wide range of FPG concentrations in patients with NIDDM, whereas once manifest hyperglycemia develops, the magnitude of the increase in fasting hyperglycemia is inversely related to the decline in insulin secretory response (1, 3, 18, (20) (21) (22) (23) . Furthermore, prospective longitudinal studies have demonstrated that hyperinsulinemia in nondiabetic individuals is a significant predictor of the development of NIDDM and that resistance to insulin-mediated glucose uptake can be documented before any discernible decrease in insulin secretory response (24) (25) (26) (27) . Finally, it should be emphasized that the cross-sectional and longitudinal studies have been performed in a wide variety of ethnic groups.
If insulin resistance precedes the onset of NIDDM, this abnormality should be detected in a certain fraction of nondiabetic subjects. This prediction is supported by this study, which demonstrates that great variability occurred in the values for insulin-stimulated glucose disposal (SSPG) in healthy, nonobese individuals with NGT, similar to data previously reported from our group (5) . In that study, we found that -25% of individuals with NGT were approximately as insulin resistant as were patients with NIDDM. Given the direct positive relationship between insulin resistance to glucose uptake and enhanced insulin secretion in nondiabetic subjects shown in this and previous studies (3, 5, 28, 29) , it appears that NGT can be maintained in insulin-resistant individuals, providing that they can sustain a state of compensatory hyperinsulinemia. Once this capacity is lost and insulin secretory capacity declines, NIDDM occurs. That an increase in p-cell insulin secretion may prevent the development of NIDDM in insulin-resistant subjects does not mean that insulin resistance and compensatory hyperinsulinemia are benign events. Hypertriglyceridemia, a low HDL-cholesterol concentration, and high blood pressure (1, 10, (30) (31) (32) (33) (34) (35) have been shown to be associated with both insulin resistance and hyperinsulinemia and an increased risk of coronary heart disease (36) (37) (38) . Furthermore, hyperinsulinemia, per se, has been identified as an independent risk factor for coronary heart disease (39,40). Thus, a defect in insulin-mediated glucose uptake, whether or not it is compensated for by an increase in B-cell function, can have grave consequences.
In conclusion, plasma glucose and insulin responses to an oral glucose challenge and values of insulinstimulated glucose disposal vary widely in healthy subjects with NGT. The major factors affecting the plasma glucose response during a conventional OGTT are the degree of insulin resistance and the incremental insulin response during the first 30 min after the administration of the oral glucose challenge. Thus, the importance of insulin resistance in modulating glucose homeostasis is not confined to patients with states of glucose intolerance (1) but plays a role in regulation of the plasma glucose response to oral glucose challenge in normal individuals.
Finally, these data demonstrate the great variability in insulin action in individuals with NGT and the role of compensatory hyperinsulinemia in the maintenance of glucose homeostasis in these individuals.
